Abstract Infection with Leishmania causes diseases with variable presentation. The most severe form is visceral leishmaniasis (VL), caused by either L. donovani or L. infantum. Despite efforts to eliminate VL, to date, molecular detection in resource-poor settings have lacked the accuracy and rapidity that would enable widespread field use and the need for accurate, sensitive assays to detect asymptomatic Leishmania infection has become apparent. The domestic dog serves as the primary reservoir host of L. infantum. Study of this reservoir population provides an opportunity to evaluate the sensitivity and specificity of diagnostics for well-defined, symptomatic, canine visceral leishmaniasis (CVL) and asymptomatic L. infantum infection. Blood samples from an L. infantum-endemic population of US hunting dogs were evaluated with Dual-Path Platform (DPP®) CVL compared to those obtained via direct detection methods (culture-and Leishmania-specific quantitative polymerase chain reaction, qPCR) and immunofluorescence anti-Leishmania antibody test (IFAT). Statistically significant correlations were found between DPP® CVL development time and clinical status, culture status, circulating DNA levels, and IFAT titer. DPP® CVL results correlated with both clinical severity of disease and serological evidence of asymptomatic L. infantum infection. By precisely documenting the minimum time required for the development of a clear positive result in DPP® CVL, this test could be used in a rapid, semi-quantitative manner for the evaluation of asymptomatic and symptomatic CVL. Our results also indicate that a similar test could be used to improve our understanding of human VL.
Introduction
Leishmaniasis is a parasitic disease endemic to 98 countries and territories (Alvar et al. 2012 ) Transmission of Leishmania spp. has been demonstrated classically via sand fly, but can also occur through vertical, sexual, or blood-borne transmission (Boehme et al. 2006; Drahota et al. 2014; Dye et al. 1992; Karkamo et al. 2014; Maroli et al. 2008; Meinecke et al. 1999; Naucke and Lorentz 2012; Osorio et al. 2012; Otero et al. 2000; Owens et al. 2001; Papageorgiou et al. 2010; Parrot et al. 1930; Rosypal et al. 2005; Silva et al. 2009; SolanoGallego et al. 2009; Symmers 1960; Travi et al. 1990 ; Zinchuk and Nadraga 2010) Leishmania donovani causes visceral leishmaniasis (VL; also known as Kala-Azar) in South Asia and Africa, while Leishmania infantum causes VL in the Mediterranean, the Middle East, Latin America, and parts of Asia (Coura-Vital et al. 2014) . While there are multiple tests available for the diagnosis of VL, few of them can be used rapidly, without sophisticated laboratory equipment, or by individuals lacking technical training (Baneth and Aroch 2008; Grimaldi et al. 2012; Mukhtar et al. 2015) . Traditionally, direct diagnosis achieved through microscopy has been the predominant means of Leishmania evaluation in field settings, but accurate microscopic diagnosis requires training and sensitivity is limited (Ertabaklar et al. 2015; Santos et al. 2014 ). Molecular assays, including direct detection of parasites by quantitative polymerase chain reaction (qPCR) or indirect methods such as immunofluorescence anti-Leishmania antibody test (IFAT) have been used at regional health centers but are not amenable to use in primary care clinics or true field settings (Ejazi and Ali 2013; Srividya et al. 2011) . Indeed, quantitative molecular diagnosis in resource-poor settings, where the majority of VL cases occur, has been challenging (Boelaert et al. 2014; Chappuis et al. 2007) .
Over the last decade, several recombinant Leishmania proteins have been identified and developed for the diagnosis of VL via detection of parasite-specific antibodies. A recombinant fusion protein, rK28, was used to produce an immunochromatographic test that was adapted to a DualPath Platform (DPP®) format that is suitable for use outside the laboratory setting (Pattabhi et al. 2010) . Comparing the sensitivity and specificity of this test to more traditional diagnostic assays, as well as evaluating the distinct quantitative abilities of different assays to distinguish asymptomatic and symptomatic infection, is important for understanding the merits and limits of such tests.
In addition to humans, L. infantum can also infect dogs, and infected dogs serve as the major reservoir of these parasites in endemic regions. L. infantum is endemic within the US hunting hound population (Boggiatto et al. 2010; Esch et al. 2013; Gaskin et al. 2002; Gibson-Corley et al. 2008; Petersen 2009b; Petersen and Barr 2009; Schantz et al. 2005; Song et al. 2010) where we have shown it to be maintained primarily through vertical transmission (Boggiatto et al. 2011; Schaut et al. 2015) . Infected dogs can maintain asymptomatic (subclinical) L. infantum infection for years before progression to canine visceral leishmaniasis (CVL), an important veterinary concern in its own right (Alvar et al. 2004; Courtenay et al. 2014; Foglia Manzillo et al. 2013; Schaut et al. 2015) . Infection progresses to the chronic severe visceralizing form, which is often fatal, in approximately 40 % of L. infantuminfected dogs. Both asymptomatic and symptomatic dogs can be infectious to competent vectors, and naturally infected US hunting hounds have been shown to be infectious to vectors present in the USA (Courtenay et al. 2014; Schaut et al. 2015) . These dogs could potentially serve as domestic reservoirs for emergent human infection (Drahota et al. 2014; Petersen 2009a; Schaut et al. 2015) . Most US-trained health professionals do not have VL on their list of differential diagnoses, and even in endemic countries, discrimination of early symptoms of VL can be difficult (Ergen et al. 2015; Herwaldt et al. 1993) .
Lateral flow-based tests typically develop for 15-20 min before results are obtained by interpretation of test band intensity on a subjective scale of 0-4. These semi-quantitative interpretations are helpful, but more objective, fully quantitative assessments would allow more accurate therapeutic decision making and permit monitoring of disease progression or response to treatment (de Vries et al. 2006; Francino et al. 2006; Rodriguez-Cortes et al. 2013; Srividya et al. 2011; Verma et al. 2010) . While some researchers are now developing digital readers to enhance the differentiation/quantification of the test band, we hypothesized that a simple semi-quantitative result could be obtained by timed examination for the appearance of the test band. To test our hypothesis, we compared the performance of DPP® CVL against three assays that are frequently used for VL diagnosis: culture, qPCR, and IFAT. We found that DPP® CVL results correlate with both severity of disease and IFAT titers. By documenting the minimum time required to develop a clear positive result, we propose that DPP® CVL could be used in nonlaboratory settings for VL diagnosis and to provide more informed management of L. infantum infection.
Materials and methods
Samples Whole blood samples were collected from hunting hounds in three US locations (n = 130). A physical exam was performed at the time of blood collection, and hounds were categorized as (a) uninfected; (b) asymptomatic, with qPCR evidence of infection; or (c) polysymptomatic, based on having two or more of the following clinical signs of CVL: alopecia, dermatitis, conjunctivitis, and lymphadenopathy, as determined in previous studies (Ciaramella et al. 1997; Reis et al. 2009 ). Animals were enrolled with the informed consent of the caretaker, and evaluations followed protocols as approved by the Iowa State University and University of Iowa Animal Control and Use Committees (IACUC).
Sample demographics Of 130 samples, 90 had complete demographic information available (69.2 %). Of these 90, 48 were female and 42 were male. The average age of the study population was 4.1 years, the biologic equivalent of 30-40-year-old people.
Culture Blood (3 mL) collected for parasite culture was spun at 1430 rcf for 10 min to separate buffy coat. Buffy coat (100 μL) was transferred into 800 μL of both Schneider's and HOMEM media and incubated overnight at 26°C. Buffy coat in media was placed onto blood agar slants and incubated for a further 3 to 4 weeks with daily observation for parasite growth.
DPP® canine visceral leishmaniasis DPP® CVL are disposable plastic cassettes that detect Leishmania-specific antibodies using the recombinant diagnostic antigen, rK28, and colloidal gold particles coupled to protein A (Pattabhi et al. 2010 ). The test is developed by the addition of blood drops, then running buffer, to a sample portal. After addition of the buffer, a timer was started. Within the cassette test window, a positive test line can be visualized next to the control line ( Fig. 1) (Grimaldi et al. 2012) . Test result was visually read and the time required to develop a positive test band recorded. If the positive sample band did not appear within 7 min, it was considered an outlier. Presence of a control line after 15 min confirmed the validity of DPP® CVL developed with negative test samples (Fig. 1) .
qPCR QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA) was used for DNA isolation per manufacturer's specifications for 1 mL blood. The quality and quantity of isolated DNA from whole blood samples were assessed using NanoDrop 2000 (Thermo Scientific, Waltham, MA). Isolated DNA (neat and 10-fold dilution) was analyzed in duplicate via qPCR in a 96-well plate via Super MasterMix (Rox) (Quanta Biosciences, Gaithersburg, MD). Each qPCR plate contained negative control nuclease-free water and samples of whole blood-extracted DNA from negative dogs. Positive control samples of DNA from 10 6 parasites spiked into canine blood were tested at full-strength, 1:10, and 1:20 dilutions. Ribosomal primer sequences used are as follows: F 5′-AAGCCACCCCAGAGGTAAAAA, R 5′ GACGGGTC TGACCCTTGGTT (Invitrogen, Life Technologies, Grand Island, NY), probe 5′ 6FAM-CGGTTCGGTGTGTG G C G C C -M G B N F Q ( A p p l i e d B i o s y s t e m s , L i f e Technologies, Grand Island, NY). Primers and probe were used at a concentration of 10 nM. The assay was run on an ABI 7000 system machine. Cycling protocol was as follows: 95°C for 2 min, 95°C for 1 min, and 50 cycles of 95°C for 15 s and 60°C for 1 min. Results were analyzed using ABI 7000 System SDS Software (Applied Biosystems, Life Technologies, Grand Island, NY).
Immunofluorescence anti-Leishmania antibody test titers IFAT was performed on samples submitted to the Division of Parasitic Diseases, Centers for Disease Control and Prevention (CDC). The assay was considered positive at dilutions equal to or above 1/64.
Statistical analysis Sample use was blinded through coding of sample identifiers. A post hoc power analysis was conducted using GraphPad StatMate version 2.00 (Graph Pad Software Inc., La Jolla, CA) and was found to be adequate (>99 %) for a sample size of 130 to detect a difference in sensitivity of 22.9 % between qPCR and DPP® CVL, the difference shown between a similar immunochromatographic kinetic test and qPCR (Cota et al. 2013) . The time-to-positiveband for each sample was compared to the known antiLeishmania antibody titer, qPCR cycle threshold (Ct) value, and clinical status assessed at the time of sample collection. Time-to-positive band was treated as an event, and survival analysis techniques were used to compare diagnostics. Kaplan-Meier estimator was used as a nonparametric survival Fig. 1 Representative DPP®CVL images. DPP® CVL was developed by the addition of blood drops, then running buffer, to a sample portal. Within the cassette test window, a negative sample develops only a single control line (C), while a positive sample develops both the test line (T) and the control line (C) estimate to compare differences in overall survival rates between clinical statuses. Cox proportional hazards regression models and subsequent hazard ratios were used to compare the predictive ability of PCR, PCR and clinical status, IFAT, and IFATand clinical status to predict time-to-positive band. AIC and SBC were used to assess model fit. Pearson correlations (r) coefficients of determination (r 2 ) and 95 % confidence intervals were utilized to preliminarily assess the relationship between diagnostics. Due to the fact that Pearson's correlation only explains correlative and not predictive effects, subsequent nonlinear and linear regressions were performed to determine whether time-to-positive-band was able to predict comparative diagnostic results. All statistical analyses were performed at the 0.05 significance level. Statistical analyses were completed using Microsoft Excel (Microsoft, Redmond, WA), GraphPad Prism version 6.05 (GraphPad Software Inc., La Jolla, CA), SAS version 9.4 (SAS Institute Inc., Cary, NC), and R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria) (Stevenson et al. 2015) .
Results

Agreement of DPP® CVL results with parasite culture
Although constrained by prolonged propagation times, direct observation of parasites provides the most definitive diagnosis of VL and asymptomatic L. infantum infection. To assess the performance of DPP® CVL, we therefore established the infection status of various dogs and evaluated DPP® CVL performance on matched blood samples. Following culture of blood samples from hounds with known clinical status, samples from polysymptomatic (black) or asymptomatic infected (gray) animals had visible Leishmania parasites within 3 to 4 weeks of culture (5/6 samples; Fig. 2 ). As expected, the samples from uninfected dogs were culture negative. The DPP® CVL developed a positive band before 7 min in 83.3 % of known Leishmania-infected samples, providing a concordance of 87.5 % between DPP and culture. This also showed that there was a good correlation between parasite culture and DPP® CVL development time ( Samples from CVL have short DPP® CVL development times To further explore the potential of DPP® CVL to detect infected animals, we next compared DPP® CVL development times against clinical status (asymptomatic vs. >2 clinical signs of disease). As expected, more than three quarters of symptomatic dogs (11/14, 78.6 %) had a DPP® CVL development time of <3 min (Fig. 3) . Similarly, nearly three quarters (15/21, 71.4 %) of infected but asymptomatic dogs tested positive on DPP® CVL in <3 min. All uninfected dog samples were negative. While the correlation between clinical status and development time was still statistically significant Fig. 3 ; r = −0.6357, r 2 = 0.4041, 95 % CI = −0.7791,−0.4291, p value ≤0.0001), DPP® CVL was only able to explain 40 % of the variation in symptomatic and asymptomatic infected dogs (goodness-of-fit r 2 = 0.4041). The log rank test using a Kaplan-Meier curve showed that there was a statistically significant difference between 1 or more conditions, although further analysis showed that there was no difference between asymptomatic and symptomatic infection. Thus, while DPP® CVL was able to detect L. infantum infection in a majority of dogs, the test could not discriminate between asymptomatic and symptomatic infection.
DPP® CVL provides better sensitivity than qPCR in identifying clinical status when utilizing blood samples Several other methods have been proposed to detect L. infantum infection, including direct detection of circulating parasite DNA by PCR-based strategies. We therefore generated DPP® CVL results from 91 samples that had previously been defined by qPCR, using a Pearson correlation plot to filter different test outcomes. A good Pearson's correlation between qPCR and DPP® CVL development times of 0.7162 was obtained (95 % CI = −0.5985-0.8036, p value = 0.0001). DPP® CVL was able to explain more than 50 % of the variation in qPCR Ct values ( Fig. 4 ; goodness-of-fit r 2 = 0.5129). In addition, a Cox proportional regression model was created using PCR and clinical status to determine whether these variables were related to the DPP® CVL time-to-positive band. The model found with statistical significance that as qPCR ct values increase by 1, the hazard rate (risk of having a faster time-to-positive band) decreases by 12.4 % (hazard ratio 0.883). There was a subset with clearly positive DPP® CVL but lacking evidence of parasite DNA in the blood (x-axis black dots).
To validate the correlation of the qPCR and the DPP® CVL, we next calculated the sensitivity and specificity of these assays using 32 samples with known clinical status. In samples from polysymptomatic dogs, sensitivity of the DPP® CVL was 85 % with a specificity of 100 %, markedly improved over the 55 % sensitivity, 100 % specificity achieved by qPCR (Table 1 ). In samples from asymptomatic L. infantum-infected dogs, DPP® CVL sensitivity was 100 % and specificity was 86 % (Table 2) . These results indicate that the DPP® CVL performed better than qPCR in matching test outcome with clinical disease.
DPP® CVL development times correlate with IFAT titer
Although it appears to be a less reliable means to assess Leishmania infection than many other diagnostic tests, IFAT is a widely used and reported assay (Rodríguez-Cortés et al. 2010) . Therefore, we compared the performance of the DPP® CVL and IFAT. DPP® CVL results from samples with known clinical status samples were contrasted with previously determined IFAT titers. Dogs with higher serological IFAT titers (>1:256) had an average DPP® CVL development time of <3 min. An increasing IFAT titer correlated strongly with a shorter development time in DPP® CVL (Fig. 5a) , yielding a Pearson's correlation of −0.7983 (r = −0.7983 95 % CI = −0.9619, −0.2139, p value = 0.0175). Linear regression analysis revealed that DPP® CVL explained 63.72 % of the variation among IFAT titers (goodness-of-fit r 2 = 0.6372). Using Cox proportional regression model, it was also seen that as IFAT titers increased by 1 unit (dilution), the hazard rate increased by a statistically significant 0.8 % (hazard ratio 1.008). These data are consistent with relative antibody levels in these samples determining these diagnostic results.
To further explore the robustness of the correlation between IFAT and DPP® CVL, we determined IFAT titers for 36 previously undefined samples and compared these to DPP® CVL development time for the same samples. As observed for the archived samples, there was a strong and significant correlation between IFAT titer and DPP® CVL development time ( Sensitivity and specificity of DPP® CVL in detecting infected, asymptomatic dogs as determined by qPCR is shown (goodness-of-fit r 2 = 0.3233). Utilizing cox proportional regression, it was found that there was a statistically significant increase, of 0.5 %, in the hazard rate (hazard ratio 1.005) as IFAT titer increased by 1 unit (dilution), when both IFAT titers and clinical status were included in the model. Discrepancy in DPP® CVL and IFAT results from samples of asymptomatic infected animals Previous research has indicated that serological tests such as IFAT cannot reliably detect asymptomatic L. infantum infection (Mettler et al. 2005) . To determine if DPP® CVL could complement IFAT in detecting infected dogs, we analyzed samples that were below the threshold for positive results in IFAT. Analyses of samples that were scored as negative by IFAT (IFAT <64)) versus DPP® CVL development time indicated a moderate correlation of results ( Fig. 5c ; r = −0.0066, 95 % CI = −0.4007, 0.3895, p value = ns). Further analysis using linear regressions showed that variations in DPP® CVL development time explained 16.90 % (goodness-of-fit r 2 = 0.1690). These data contrast with the comparison of serum with positive IFAT titers (IFAT ≥64) versus DPP® CVL development time, which had a fair correlation ( Fig. 5d ; r = −0.6077, 95 % CI = −0.8850, −0.0123, p value = 0.0474) and 38.03 % goodness of fit (r 2 = 0.3803). Thus, although samples from asymptomatic infected dogs were frequently scored as negative by IFAT, many were positive in DPP® CVL.
IFAT and DPP® CVL had a superior agreement IFAT had with qPCR As a result of this high sensitivity and good specificity, we wondered whether the DPP® CVL test identified asymptomatic infection better than other serological tests, such as IFAT. We compared the sensitivity and specificity of DPP® CVL and qPCR using IFAT as the comparator. Against IFAT results, the DPP® CVL test had a sensitivity of 73 % and a specificity of 80 % (Table 3) . When calculating sensitivity and specificity for qPCR against IFAT results, it was found that qPCR had a sensitivity of 45 % and a specificity of 90 %.
Discussion
A test that has the ability to rapidly detect and quantify both symptomatic VL and asymptomatic L. infantum infection could provide earlier diagnosis of the disease and identify those at greatest risk of developing symptoms. In this study, as expected, DPP® CVL was able to detect the majority of dogs displaying symptoms of CVL. By assessing the time required for positive bands to develop in DPP® CVL, we found that results correlated with both circulating parasite DNA levels, as determined by qPCR, and anti-Leishmania antibody titers, as determined by IFAT. We also observed a correlation of DPP® CVL results with asymptomatic L. infantum infection (as determined by qPCR) but a lack of correlation with IFAT as observed by the larger change in hazard rate when using PCR to predict time-to-positive band versus IFAT determined by cox proportional regression. Together, our data indicate that in the absence of a truly objective reader, recording the time for a positive band to appear in DPP® CVL represents a practical strategy with which to detect and semi-quantify L. infantum infection. Patients may be positive at different stages of infection due to the varying availability of parasite targets or antibodies within samples used for detection (Rodríguez-Cortés et al. 2007) . While qPCR is a sensitive test for directly detecting parasite nucleic acids and is believed to have a greater ability to detect infection earlier during the development of disease, the presence of nucleic acids in the blood can be transient. Unlike direct detection methods such as culture or qPCR, DPP® CVL can provide results rapidly at the site of sample collection. This attribute lends itself to use within surveillance programs that could be implemented on a community-wide scale to screen dogs (or humans) for L. infantum infection. Such assessments will be required to truly evaluate the impact of any control measures that are implemented for VL. Dogs that test positive by DPP® CVL but have no evidence of parasite DNA in the blood will, however, continue to confound diagnosis (Rodríguez-Cortés et al. 2007 ). Instead, guidelines regarding the use of both antibody detection and DNA methods are likely needed. In addition, long-term surveillance studies are required to generate the clinical data that will allow an accurate assessment of the rate of conversion of infection to disease.
IFAT and DPP® CVL are both antibody-detection tests, and it is not therefore surprising that IFAT and DPP® CVL had a higher correlation than that observed between DPP® CVL and qPCR. The improved performance of the DPP® CVL over IFAT may be due to the use of defined recombinant Leishmania proteins incorporated into DPP® CVL rather than the wide array of antigenic components present in the whole parasite preparation used in IFAT. In addition, the DPP® CVL test platform itself might also provide additional sensitivity that allows more reproducible detection of asymptomatic L. infantum infection. Similar to our data, several studies have shown that serological and immunochromatographic tests commonly correlate (da Silva et al. 2013; KoÇOĞLu et al. 2014; Laurenti et al. 2014; Monno et al. 2009 ). Higher IFAT titers correlated with the time required to reveal positive results in DPP® CVL development tests. Samples from animals that were culture positive or positive by IFAT were likely to develop positive bands in DPP® CVL in less than 3 min, but this correlation decreased dramatically for samples from asymptomatic L. infantum-infected animals. This conundrum of accurate detection of asymptomatic infection occurs within both dog and human populations. By definition, asymptomatic L. infantum-infected individuals do not show signs or symptoms of disease, which in many instances can be mediated through increased systemic antibodies and resultant antibody-antigen complexes, e.g., renal failure, wasting, and splenic and hepatic congestion Grimaldi and Tesh 1993; Grimaldi et al. 2012; Moreno and Alvar 2002) . If antibodies are not in high enough abundance to contribute to clinical disease, they are also unlikely to be detectable by IFAT.
To help monitor the progression of VL and evaluate asymptomatic infection, it is important to have a diagnostic test that quantifies the levels of infection and pathologic severity, as both of these correlate to transmissibility. A test that has the ability to cheaply and quantitatively detect both symptomatic VL and asymptomatic L. infantum infection could provide earlier diagnosis and better therapeutic decision making. This is of particular importance at this time because the WHO limits certain therapies only to the most severe VL cases (Alvar et al. 2012; Chappuis et al. 2007) . When used in the semi-quantitative manner described here, DPP® CVL represents a simple and inexpensive tool to both confirm VL and detect L. infantum infection. Our data support the quantitative use of this test as a cost-and time-effective tool that could permit active surveillance within VL control programs.
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